Proposed herein is a mechanism for virulence by Candida albicans based upon this organism's ability to produce high levels of pyruvate, potentially resulting in localized tissue ketosis and undermining the normal defensive function of neutrophil myeloperoxidase. Neutrophils, a key component of our innate defense against microbial infections, seem to play a particularly important role protecting us against fungal agents such as C. albicans. In this regard, it is myeloperoxidase which is central to many of the antimicrobial properties of neutrophils. We have previously shown that metabolic ketones inactivate myeloperoxidase and impair phagocytosis. Thus, production of pyruvate by C. albicans may indeed be a significant virulence factor. ß 2000 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
Candidiasis, one of the most prevalent opportunistic mycotic infections, is commonly caused by Candida albicans. Although this organism is indigenous to humans and is found among the normal £ora of the oral and vaginal mucosae, hair, skin, intestinal and upper respiratory tracts, it can under conditions favoring its proliferation strike as a formidable pathogen [1, 2] . Disease is most likely to occur in individuals with underlying endocrine disorders [3] , especially diabetes [4] , impaired immune defenses due to immunosuppressive therapy (e.g. to prevent tissue transplant rejection or as an undesired e¡ect of cancer chemotherapy) [5, 6] or immunologic disease (e.g. acquired immunode¢ciency syndrome or genetic myeloperoxidase (MPO) de¢ciency) [7] , malnutrition, pregnancy, usage of oral contraceptives, broad-spectrum antibiotic therapy and chronic alcoholism.
The primary host defense against C. albicans infections has been well documented to depend upon the enzyme MPO [8^13], a component of neutrophils which functions to generate the microbicidal species, hypochlorous acid (HOCl) from H 2 O 2 and Cl 3 in the phagocytic vacuole [8, 14, 15] . Since Lehrer and Cline's initial report of simultaneous disseminated candidiasis and MPO de¢ciency [7] , a number of other studies have con¢rmed their conclusion that MPO is the major determinant of candidacidal activity in the human neutrophil [4, 10, 13, 14, 16, 17] . The fact that C. albicans is the predominant pathogen in MPO de¢ciency can perhaps be attributed to its extreme resistance to H 2 O 2 which permits it to survive the MPO-independent oxidative reactions of the neutrophil while other pathogens do not. Further, McRipley and Sbarra, as well as other investigators, have shown that conditions inhibitory to the functioning of MPO decrease the candidacidal activity of neutrophils [18^20].
In our previous work with MPO [21^23], acetoacetate, a serum metabolite elevated during ketosis, was shown to inactivate MPO by accelerating the bleaching of its heme prosthetic group. Additionally, the peroxidation process involved the formation of compound II (non-catalytic). Therefore, prolonged ketosis may be a signi¢cant risk factor for candidiasis. This study was undertaken to investigate whether C. albicans itself produces a ketotic metabolite as a virulence factor which can e¡ectively undermine host defense by neutrophils. C. albicans cultures were grown overnight in Sabouraud's Dextrose Broth. The cultures were washed three times in 0.1 M potassium phosphate, pH 6.0, containing 0.1 M KCl. The optical density (OD) of the cell suspensions was adjusted to 1.0 at 700 nm and assays were performed on 1.0-ml aliquots of this suspension under the following conditions:
Additions were made as follows : acetoacetate (100 mM, 20 or 40 Wl) followed 1 min later by MPO (10 Wl of 10 WM; speci¢c activity: 50 U mg 31 ), followed 2 min later by H 2 O 2 (5 Wl of 100 mM). The H 2 O 2 was deposited on the walls of the test tubes and rapidly mixed into the suspensions using a vortex mixer. The suspensions were incubated further for 2 min at room temperature and serially diluted in 0.1 M sodium phosphate, pH 7.0, for inoculation onto Sabouraud's Dextrose Agar Medium. Plates were incubated at 37³C overnight for subsequent colony counts.
2.4. Thin-layer chromatography assay of culture media C. albicans cultures, started from single colonies on Sabouraud's Dextrose Agar, were grown in liquid basal medium containing glucose as the only carbon source. Culture media samples collected after 2, 4, 6 and 8 h of incubation were centrifuged to pellet the cells, followed by preparation of 2,4-dinitrophenylhydrazones of the supernatants using 2% (w/v) 2,4-dinitrophenylhydrazine in 30% (w/v) perchloric acid, followed by centrifugation and addition of dimethyl sulfoxide to the precipitates. The resultant solutions were spotted onto 20U20-cm precoated silica gel thin-layer chromatography plates (Brinkman Instruments) and resolved in a radial thin-layer chromatography system (Selectosol). The central well contained the solvent xylene:ethyl acetate (99:1). To con¢rm the identity of the developed components, the plates were sprayed with ethanolic sodium hydroxide which converts the derivative to its purple anion. However, because of adequate ¢lm sensitivity to yellow, plates were photographed without spraying.
Lactobacillus and Candida
Cultures of C. albicans and L. acidophilus were grown on Sabouraud's Dextrose Agar and MRS Agar, respectively. The Candida culture was transferred using single colonies to Minimal Broth Medium for growth at 37³C with agitation. After a 6-h incubation period, this culture was centrifuged and the supernatant collected. A cell suspension was made from the Lactobacillus culture in Minimal Broth. Five vessels containing approximately 30 ml of fresh Minimal Broth were prepared. Additions were made to each as follows : (a) 20 ml Candida supernatant; (b) 20 ml Candida supernatant and 10 ml L. acidophilus suspension; (c) 10 ml Lactobacillus suspension; (d) 10 ml of 5 mM pyruvate; (e) 10 ml Lactobacillus suspension and 10 ml of 5 mM pyruvate. The total volumes were equalized by the addition of broth as needed. After taking initial (t 0 ) pH measurements and removing samples from each culture, they were incubated at 37³C with agitation. Subsequent pH measurements and culture samples were taken after 2, 4, 6 and 8 h of incubation. Thin-layer chromatography was performed on the collected samples as described previously and pyruvate concentrations were determined.
Pyruvate concentration determinations
Pyruvate concentrations in the collected sample super- natants were determined by the NADH^LDH coupled enzyme system wherein oxidation of NADH is catalyzed by LDH with OD measurements taken at 340 nm. Table 1 shows the e¡ect of 2 mM acetoacetate on the antifungal MPO-Cl 3 -H 2 O 2 system. C. albicans was completely killed by this system in the absence of acetoacetate, but protected by its presence.
Results
C. albicans cultures were monitored for their ability to produce a ketotic metabolite which was identi¢ed as pyruvate by thin-layer chromatography (not shown). Fig. 1 shows the accumulation of pyruvate in Candida cultures over time to a concentration over 18 mM with a concomitant decline in the medium pH.
It was of interest to determine how the local production of pyruvate may be related to the purported bene¢cial e¡ects of L. acidophilus either as a dietary supplement or as a topical therapeutic in the form of yogurt for vaginal Candida infections. L. acidophilus cultures supplemented with supernatants from 6-h C. albicans cultures were monitored for pyruvate concentration over time. A radial thin-layer chromatogram of 2,4-dinitrophenylhydrazones of culture supernatants is shown in Fig. 2 . The inner tailing band is the 2,4-dinitrophenylhydrazone of pyruvate. The outer band is a consistently formed, but as yet uncharacterized metabolite observed in both Candida and Lactobacillus cultures. The accumulation of pyruvate in a 6-h culture of C. albicans and its subsequent loss (after 6 h of incubation) in a L. acidophilus culture supplemented with the supernatant from this culture are shown. There was no evidence of pyruvate in the uninoculated medium control, nor in the L. acidophilus culture after the same period of incubation. A culture of Lactobacillus supplemented with prepared pyruvate similarly showed loss of the pyruvate after 6 h of incubation.
Discussion
Neutrophil MPO, which functions to generate HOCl in the phagocytic vacuole, seems to be a key antifungal host defense [7^15,17] . Our previous studies have shown that acetoacetate inhibits the chlorinating cycle of MPO, accelerating enzyme inactivation [21^23], and that it also inhibits neutrophil phagocytosis [24, 25] . Herein, it is reported that acetoacetate dramatically enhances the survival of C. albicans in the presence of the MPO-Cl 3 -H 2 O 2 system and further, that C. albicans produces signi¢cant quantities of the potentially ketogenic metabolite, pyruvate.
The potential for acetoacetate to interfere with neutrophil antifungal activity has profound implications for many conditions characterized by ketosis such as diabetes. It also raises the question of whether Candida virulence is based largely upon the e¡ects of acetoacetate such that the in vivo survival of Candida may be a function of local or systemic metabolic ketosis.
Thus, it is proposed that the in vivo survival of C. albicans with respect to the neutrophil antifungal system may be enhanced by local formation of high concentrations of pyruvate. Given that the normal plasma glucose level in humans is approximately 5.6 mM [26] , and taking into account the normal metabolic pathways available to pyruvate after its formation via glycolysis in mammalian systems, accumulation of pyruvate to any signi¢cant level is unlikely. Furthermore, acetoacetate, a potential metabolite of pyruvate, has a normal plasma level in humans of only 28^280 WM [26] . Therefore, concentrations of pyruvate approaching 18 mM, reported herein to be produced by Candida cultures in vitro, can only be viewed as an exceedingly abnormal tissue load in vivo. This could result in the generation of signi¢cant levels of acetoacetate by localized infected tissue since the primary enzymatic control point for glycolysis is hexokinase. Di¡usion of acetoacetate into the phagocytic vacuole may then slow the microbicidal process su¤ciently to allow Candida to survive and gain the ascendancy.
In regard to competitive £ora such as lactobacilli which are known to play a role in preventing Candida from gaining a foothold in the host [19, 20] , L. acidophilus was shown to e¡ect a dramatic reduction in the pyruvate concentration produced by C. albicans. Therefore, lactobacilli, by reducing the local pyruvate levels produced by Candida, may aid the neutrophil in processing this organism by lowering the local tissue levels of pyruvate and the resulting acetoacetate £ux from infected tissue to neutrophils.
Thus, acetoacetate formed either through an abnormal metabolic host status (e.g. diabetes) or indirectly from Candida-generated pyruvate may allow C. albicans to overcome a key host defense mechanism. The protective e¡ect in this regard a¡orded by competitive normal £ora such as L. acidophilus is probably dependent upon the level of colonization by this organism as well as the severity and chronicity of ketosis in the host. It is possible that enhanced Candida survival in the phagocytic vacuole is all that is necessary to result in pathogenesis by C. albicans. Ultimately, the e¤cacy of novel, new therapeutics may depend upon their ability to enhance processing of Candida by neutrophils at an optimum rate.
